Intragenic 5-methylcytosine and CTCF mediate opposing effects on pre-mRNA splicing: CTCF promotes inclusion of weak upstream exons through RNA polymerase II pausing, whereas 5-methylcytosine evicts CTCF, leading to exon exclusion. However, the mechanisms governing dynamic DNA methylation at CTCF-binding sites were unclear. Here, we reveal the methylcytosine dioxygenases TET1 and TET2 as active regulators of CTCF-mediated alternative splicing through conversion of 5-methylcytosine to its oxidation derivatives. 5-hydroxymethylcytosine and 5-carboxylcytosine are enriched at an intragenic CTCF-binding sites in the CD45 model gene and are associated with alternative exon inclusion. Reduced TET levels culminate in increased 5-methylcytosine, resulting in CTCF eviction and exon exclusion. In vitro analyses establish the oxidation derivatives are not sufficient to stimulate splicing, but efficiently promote CTCF association. We further show genomewide that reciprocal exchange of 5-hydroxymethylcytosine and 5-methylcytosine at downstream CTCF-binding sites is a general feature of alternative splicing in naïve and activated CD4 + T cells.
Introduction
Genes in higher eukaryotes are characterized by numerous short coding exons interrupted by relatively long non-coding introns. As genes are transcribed by RNA polymerase II (pol II), introns are excised by the spliceosomal complex, which recognizes short consensus sequences at exon-intron boundaries (reviewed in Black (2003) ). Exon-intron architecture serves as a platform for transcriptome diversification through alternative pre-mRNA splicing and greater than 95% of human genes produce alternative transcripts (Pan et al, 2008; Wang et al, 2008) . To minimize potentially deleterious aberrant splicing events, spliceosome assembly is coordinated at many levels. In addition to a vast network of RNA-binding proteins that recognize cis-elements encoded within nascent transcripts (reviewed in Matlin et al (2005) ), co-transcriptional assembly of splicing factors at newly synthesized splice sites promotes appropriate ligation of contiguous exons (Pandya-Jones & Black, 2009; Tilgner et al, 2012; Bentley, 2014) . Co-transcriptional splicing further allows for kinetic regulation of alternative splicing, wherein variations in the pol II elongation rate can shift the co-temporaneous availability of competing splice sites for regulatory factor binding (de la Mata et al, 2003; Munoz et al, 2009; Close et al, 2012; Dujardin et al, 2014) .
An emerging concept in co-transcriptional splicing is the potential for extensive cross talk between the splicing machinery and the chromatin structure of the transcribed DNA template (reviewed in Haque & Oberdoerffer (2014) ). Exonic DNA presents a distinct chromatin landscape characterized by increased nucleosome occupancy, elevated DNA methylation, and specific histone modifications relative to intronic DNA, raising the possibility that chromatin may poise exons for spliceosome recognition (Andersson et al, 2009; Hodges et al, 2009; Kolasinska-Zwierz et al, 2009; Lister et al, 2009; Schwartz et al, 2009; Spies et al, 2009; Tilgner et al, 2009) . Chromatin structure has been shown to impact splicing decisions through modulation of pol II elongation and through recruitment of RNA-binding proteins to their sites of action through interaction with chromatin-binding proteins (Sims et al, 2007; Andersson et al, 2009; Chodavarapu et al, 2010; Luco et al, 2010; Churchman & Weissman, 2011; Pradeepa et al, 2012; Kwak et al, 2013; Weber et al, 2014) . Accordingly, efforts to modulate chromatin structure have revealed global alterations in splicing patterns, thus broadening the pre-mRNA splicing "code" to include intragenic chromatin structure (Schor et al, 2009 (Schor et al, , 2013 Luco et al, 2010; Hnilicova et al, 2011; Saint-Andre et al, 2011; Ameyar-Zazoua et al, 2012; Patrick et al, 2015) .
Of the described intragenic chromatin features, DNA methylation shows particularly robust partitioning to exons (Lister et al, 2009; Feng et al, 2010; Zemach et al, 2010) , though the significance to gene expression remains unclear. In mammalian genomes, methylation primarily occurs in a symmetric context on CpG dinucleotides (Lister et al, 2009) . Once established by the de novo DNA methyltransferases DNMT3a/b in early embyrogenesis, methylation patterns are preserved by the DNMT1 enzyme, which recognizes hemimethylated DNA and ensures sitespecific propagation in the newly synthesized strand (Li & Zhang, 2014) . Intriguingly, while promoter methylation is associated with transcriptional silencing, DNA methylation is globally enriched within gene bodies, where it is positively associated with active transcription (Klose & Bird, 2006; Lister et al, 2009; Wu et al, 2011) . Notably, exons that are included in spliced mRNA show a higher level of methylation than their excluded counterparts (Choi, 2010; Maunakea et al, 2013) . Conversely, DNA methylation is depleted at introns, intronless genes, and pseudoexons (Lyko et al, 2010; Gelfman et al, 2013) . Together, these findings suggest that DNA methylation plays a fundamental role in "marking" exonic DNA for recognition by the spliceosome. However, experimental modulation of DNA methylation results in a limited number of alternative splicing events, with no clear directional bias to increased or decreased inclusion, thereby challenging a direct role for methylation in spliceosome recruitment (Li-Byarlay et al, 2013; Maunakea et al, 2013; Yearim et al, 2015) . We recently established a context-dependent association between intragenic DNA methylation and alternative pre-mRNA splicing that is achieved through variable binding of the methyl-sensitive zinc-finger protein CCCTCbinding factor (CTCF). Binding of CTCF to intragenic DNA promotes local pol II pausing and favors inclusion of weak upstream exons in spliced mRNA through kinetic regulation. In contrast, overlapping 5-methylcytosine (5mC) evicts CTCF, leading to loss of pol II accumulation and consequent exon exclusion (Shukla et al, 2011) . These studies begin to uncover a dual role for DNA methylation in both the initiation and downstream processing of pol II gene products through variable methylation at promoters and gene bodies, respectively.
While widespread changes in methylation are typically limited to undifferentiated cell types, methylome analysis across diverse tissues identified increased differential methylation at CpG-dense intragenic regions in peripheral immune cells (Deaton et al, 2011) . To query the underlying principles that define methyl-sensitive alternative exons, here we examine the cause and consequence of dynamic gene-body methylation in peripheral lymphocytes. Through detailed examination of a CTCF-dependent methylsensitive exon in the immune-specific CD45 model gene, we reveal that the alpha-ketoglutarate-dependent TET (ten-eleven translocation) proteins, TET1 and TET2, positively regulate CTCFdependent exon inclusion in naïve lymphocytes through successive oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine and its downstream derivatives (5hmC or collectively 5oxiC) (Tahiliani et al, 2009; Ito et al, 2011) . We further show that alternative splicing events in naïve versus activated CD4 + T cells are globally enriched for differential 5mC and 5oxiC at proximal CTCFbinding sites. Markedly, 5mC and 5hmC display overlapping distribution patterns within the intragenic landscape, wherein both modifications of cytosine are enriched at exons relative to introns (Ficz et al, 2011; Pastor et al, 2011; Khare et al, 2012) . We thus conceive that similar to the role for TET proteins in modulating gene expression from promoters, alterations in the intragenic distribution of 5oxiC play a fundamental role in regulating pre-mRNA processing through variable association of methyl-sensitive DNA-binding proteins, as we show here for CTCF.
Results
Detection of 5-hydroxymethylcytosine at CD45 exon 5 in CTCF-binding cell types
To gain insight into methyl-sensitive alternative splicing, we examined the mechanisms that support differential methylation at an established sensitive exon. Variable exclusion of exons 4-6 from transcripts encoding the protein tyrosine phosphatase CD45 (PTPRC) is a robust model for developmentally regulated alternative splicing in the immune system. CD45 initiates signaling through antigen receptors by dephosphorylating the inhibitory tyrosine on Src family kinases, and responds to activation through stepwise exclusion of the tandem variable exons (Martinez & Lynch, 2013) . In general, the larger exon-4-containing isoforms (CD45RA + , or B220 + in B cells) are expressed early in peripheral lymphocyte development, whereas the shortest isoform that excludes all three variable exons (CD45RO) is found on terminally differentiated lymphocytes (Hermiston et al, 2003) . We and others formerly established that exclusion of exons 4 and 6 from CD45 transcripts (the A and C exons, respectively) results from activation-induced upregulation of the splicing repressor, hnRNPLL (Oberdoerffer et al, 2008; Topp et al, 2008; Motta-Mena et al, 2010) . In contrast, exclusion of exon 5 (the B exon) from CD45 mRNA is achieved through loss of CTCF-dependent pol II pausing in the terminal stages of lymphocyte development due to the emergence of 5mC at exon 5 DNA (Shukla et al, 2011 ) (Appendix Fig S1) .
To address the mechanisms leading to increased 5mC at CD45 exon 5 DNA in differentiated lymphocytes, we established the methyl composition at base pair resolution in previously characterized B-cell lines and primary T cells (Fig 1A) (Oberdoerffer et al, 2008; Shukla et al, 2011) . CD45 exon 5 contains 9 CpGs that can be symmetrically methylated. As expected based on our previous findings, bisulfite sequencing in exon 5-excluding BL41 RB low (BL-E5 (À)) B cells and activated CD4 + T cells, which fail to bind CTCF,
showed uniform methylation at all CpGs (Fig 1B) . Similarly, exon 5-including BJAB B cells, which bind CTCF at exon 5 DNA, were unmethylated. However, exon 5-including BL41 RB high (BL-E5(+)) B cells and naïve peripheral T cells showed uniform methylation including within the CTCF-binding site (Fig 1B) . This was surprising given the demonstration that overlapping 5-methylcytosine ablates CTCF binding (Bell & Felsenfeld, 2000) , yet both these cell types were previously determined to bind CTCF at exon 5 DNA (Shukla et al, 2011) . Cytosines outside of a CpG context were fully detected as thymines, indicating that persistence of cytosine was not due to incomplete bisulfite conversion (Fig 1B, inset) . CTCF-binding site methylation in exon 5-including BL-E5(+) cells was further confirmed through Southern blot using a methyl-sensitive restriction enzyme (BsaHI). In agreement with the bisulfite sequencing results, hybridization to a 5 0 radiolabeled probe showed that the CTCFbinding site is unmethylated in BJAB cells (3.8 kb), whereas it is methylated in BL-E5(+) and BL-E5(À) cells (7.6 kb) (Fig 1C) .
Mechanisms to assess methylation, including bisulfite sequencing and most restriction digests, often fail to discriminate between 5mC and the closely related oxidation product 5hmC. We thus asked whether overlapping detection of methylation and CTCF in exon 5-including cells reflected the presence of 5hmC. To this end, we performed methylated DNA immunoprecipitation (MedIP) with antibodies specific to 5mC or 5hmC in BL-E5(+) and BL-E5(À) isogenic B cells. MedIP confirmed enriched 5mC at CD45 exon 5 DNA in BL-E5(À) relative to BL-E5(+) cells (Fig 1D, left) and further revealed reciprocally elevated 5hmC at exon 5 in BL-E5(+) relative to BL-E5(À) cells (Fig 1D, right) Methyl-Sensitive Southern Blot: 
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Exon 5-excluding (mature): CpGs (2 per exon) and were not previously defined to be methylsensitive, nor at an upstream CTCF-binding site in CD45 intron 2 that does not contain overlapping CpGs (Fig 1D) (Shukla et al, 2011) . Likewise, mature human CD4 + T cells (exon 5-excluding) are characterized by increased 5mC at exon 5 DNA relative to naïve cells (exon 5-including) (Shukla et al, 2011) . Here, we find reciprocally increased 5hmC at exon 5 in the naïve relative to mature CD4 + T-cell population ( Fig 1E, Appendix Fig S1) . These data confirm that the seemingly fixed overall methylation level in our exon 5-including versus exon 5-excluding isogenic cellular contexts is associated with a change in the ratio of 5hmC to 5mC at the CTCF-regulated exon.
TET1 and TET2 promote CD45 exon 5 inclusion by antagonizing CTCF eviction 5hmC is a stable oxidation derivative in a pathway to active demethylation catalyzed by the TET proteins. To determine whether detection of 5hmC at CD45 DNA reflects an active role in inclusion of exon 5 in processed mRNA, we modulated TET levels in 5hmC-rich BL-E5(+) cells (Fig 1D) . qRT-PCR and Western blot revealed robust TET1 and TET2, but relatively little TET3 expression in BL41 cells (Appendix Fig S2) . To examine the effect of forced 5hmC reduction on exon 5 splicing in BL-E5(+) cells, we performed shRNA-mediated depletion of all three TET proteins (Fig 2A,  Appendix Fig S2) . MedIP showed reduced 5hmC at CD45 DNA in response to TET1 and TET2, but not TET3 depletion, perhaps owing to the already low level of TET3 in BL-E5(+) cells (Fig 2B,  Appendix Fig S2) . Remarkably, the extent of 5hmC depletion in TET1 and TET2 knockdown cells mirrored the degree of exon 5 repression in CD45 transcripts as assessed through qRT-PCR with junction-spanning primers, suggesting a tight correlation between these parameters ( Fig 2C) . As modulation of 5hmC has been shown to influence overall transcription, we further examined the broader context of CD45 isoform expression. Cell-surface staining with an antibody to total CD45 (pan-CD45) showed a minor decrease in overall CD45 expression in response to TET1 and TET2 depletion (Fig 2D) . In contrast, staining with the CD45RB antibody, which detects all exon 5-containing variants, showed a substantial reduction in TET1-and TET2-depleted cells relative to control that was commensurate to the degree of 5hmC reduction (Fig 2B and D) . This effect was specific for exon 5, as CD45RA staining, which detects all exon 4-containing isoforms, reflected the pan-CD45 results (Fig 2D) . Importantly, TET3 depletion in BL-E5(+) cells, which did not decrease 5hmC at exon 5, also did not alter exon 5 inclusion in CD45 transcripts nor overall CD45 expression (Appendix Fig S2) . Likewise, depletion of TET1 and TET2 in unmethylated BJAB cells, which lack a substrate for TET activity, had no effect on CD45 splicing or expression (Fig 2E,  Appendix Fig S2) . These findings support the conclusion that reduced exon 5 inclusion in CD45 mRNA in response to TET1 and TET2 depletion is a function of perturbed CD45 gene-body methylation, rather than an indirect effect of altered CD45 expression.
As we previously showed that exon 5 inclusion in CD45 mRNA is a consequence of CTCF binding at exon 5 DNA, we further examined whether loss of 5hmC in TET-depleted cells was coupled to altered CTCF association (Shukla et al, 2011) . We thus performed large-scale RNAi in BL-E5(+) cells with the less penetrant TET1 hairpin, which resulted in a moderate decrease in CD45 exon 5 inclusion, but produced the highest rate of cell survival (Appendix Fig S3) . MedIP in TET1-depleted cells demonstrated decreased 5hmC with reciprocally increased 5mC at exon 5 and further showed no change in the overall low level of methylation at two CpG-encompassing regions of the CD45 promoter relative to control (Fig 2F) . Chromatin immunoprecipitation (ChIP) with an antibody to CTCF validated that elevated 5mC at exon 5 DNA in TET1-depleted BL-E5(+) cells manifested in reduced CTCF binding as compared to control-transduced cells (Fig 2F, right) . Together, these RNAi data establish that the TET proteins facilitate CTCFdependent inclusion of exon 5 in spliced mRNA by actively antagonizing overlapping exon 5 DNA methylation and further confirm that the observed effects are not secondary to altered 5mC at the CD45 promoter.
T-cell activation-induced exon 5 exclusion is associated with reduced 5hmC and nuclear TET levels Given the above indication that exchange of 5hmC for 5mC influences CD45 alternative splicing through modulation of CTCF binding, we next examined the mechanistic basis for this conversion during lymphocyte development. While the signaling cascades leading to exon 5 exclusion in peripheral B cells are unclear, T cells can be induced to exclude exon 5 through direct ligation of the T-cell receptor (TCR). To this end, CD4 + T cells were isolated from human peripheral blood and stimulated with agonist antibodies to the TCR ▸ Figure 2 . Reduced 5hmC through TET1 or TET2 depletion leads to decreased exon 5 inclusion in CD45 transcripts.
A BL-E5(+) cells were individually transduced with shRNA directed against TET1 (TET1-sh1 and TET1-sh3), TET2 (TET2-sh4) or control shRNA. Knockdown efficiency was assessed through qRT-PCR relative to expression of the housekeeping gene RPS16. B 5hmC MedIP and qPCR for CD45 exon 5 DNA relative to input in control-transduced and TET1-or TET2-depleted BL-E5(+) cells. C qRT-PCR in shTET1, shTET2, and control-transduced BL-E5(+) cells, showing reduced detection of exon 5/6 junctions relative to a constitutive CD45 junction (exon 7/8) in TET-depleted cells. D Cell-surface staining for CD45RA (exon 4-containing isoforms), CD45RB (exon 5-containing isoforms), and total CD45 (pan) in TET1-or TET2-depleted BL-E5(+) cells.
RNAi against either TET protein specifically reduced detection of exon 5-containing CD45 isoforms relative to control. E TET1 and TET2 RNAi in unmethylated BJAB cells. qRT-PCR for knockdown efficiency (top) and cell-surface staining for exon 5-containing CD45 isoforms (CD45RB, bottom) relative to control-transduced cells. F Large-scale depletion of TET1 in BL-E5(+) cells. MedIP (left and center) and CTCF-ChIP (right) followed by qPCR with the indicated CD45 primers in shTET1 (red, throughout) and sh-control (gray, throughout) cells. MedIP showed decreased 5hmC and increased 5mC, whereas CTCF-ChIP indicated reduced binding to CD45 exon 5 in response to TET1 depletion, as compared to control-transduced cells. Rabbit Ig ChIP served as a control. (anti-CD3 and anti-CD28) in the presence of interleukin-2 ( Fig 3A) . To quantify exon 5 inclusion independent of variations in alternative exons 4 and 6, we performed sub-saturating RT-PCR with primers extending from the exon 2/3 junction through exon 7 in the presence of dCTP a-32 P. Phosphorimaging analysis revealed an approximate 2.5-fold reduction in exon 5 inclusion in response to activation as determined through the sum of the exon 5-containing CD45 variants versus the sum of all CD45 variants (Fig 3B,  Appendix Fig S4) .
Having confirmed robust exclusion of exon 5 in response to in vitro stimulation, we next examined whether and how CD4 + T-cell activation influences CD45 DNA. Consistent with results from sorted CD4
+ T cells (Fig 1E) , MedIP showed a donor-independent decrease in 5hmC and increase in 5mC at exon 5 DNA following in vitro activation of naïve CD4 + T cells ( Fig 3C, Appendix Fig S4) .
In contrast, the lower level of methylation at the surrounding exons and CpG-containing regions of the CD45 promoter remained relatively fixed ( Fig 3C) . Additionally, CTCF-ChIP showed reduced binding at exon 5 in activated relative to naïve CD4 + T cells (Fig 3D) , whereas the CpG-less intron 2 site showed increased interaction following stimulation, demonstrating that CTCF binding to DNA is not generally compromised by activation (Appendix Fig S4) . Thus, in vitro activation of CD4 + T cells recapitulates the determined changes in CD45 exon 5 DNA methylation and pre-mRNA splicing that occur during the naïve to mature transition in vivo. Building on our observations in TET1/2-depleted BL-E5(+) cells, to query the mechanisms supporting dynamic methylation and alternative splicing during lymphocyte development, we explored direct regulation of the TET proteins. Although partially functionally redundant, the TET proteins display some tissue and target site specificity (Hon et al, 2014; Huang et al, 2014; Wu & Zhang, 2014) .
Examination of individual TET transcripts in naïve CD4
+ T cells A Naïve CD4 + T cells (black bars, throughout) were isolated from peripheral blood and activated in vitro with antibodies against CD3 and CD28 (red bars, throughout).
B Phosphorimaging analysis of CD45 RT-PCR products generated with primers extending from the exon 2/3 junction through exon 7 in the presence of dCTP a-32 P. Percent exon 5 inclusion was determined as the sum of the exon 5-containing CD45 variants versus the sum of all CD45 variants. C MedIP with antibodies specific to 5hmC (left) or 5mC (right) followed by qPCR with the indicated CD45 primers in naïve and activated CD4 + T cells.
D CTCF-ChIP in naïve and activated T cells and relative qPCR for CD45 DNA. Rabbit IgG ChIP served as a control. E qRT-PCR for TET family members normalized to the average of RPS16, Bact, and Ubch5b transcripts in naïve and activated CD4 + T-cell cDNA. revealed abundant TET1 and TET2 mRNA, but relatively little TET3 (Fig 3E) . Activation caused a substantial reduction in TET1 and TET3 transcripts, whereas TET2 mRNA was marginally increased (Fig 3E) . Consistent with the qRT-PCR results, TET1 immunoblot showed decreased expression in activated relative to naïve nuclear lysates ( Fig 3F, Appendix Fig S4) . However, in contrast to TET2 mRNA, TET2 protein was significantly ablated in activated nuclear lysates, suggestive of posttranslational regulation ( Fig 3F) . Indeed, TET2 immunoblot in whole-cell extracts showed the emergence of two lower molecular weight species in activated lysates that are consistent with previously described caspase-dependent TET2 cleavage products (Appendix Fig S4) (Ko et al, 2013) . Whereas we were unable to find antibodies against TET2 that produced reliable ChIP results (Appendix Fig S4) , TET1-ChIP revealed abundant binding to CD45 exon 5 in naïve CD4 + T cells that was completely ablated following in vitro activation ( Fig 3G) . We can thus conclude that the mechanism supporting decreased 5hmC at CD45 exon 5 in activated CD4 + T cells is reduced local availability of the TET proteins. These primary T-cell data reinforce a model in which developmental regulation of exon 5 skipping results from a reduced ability to convert 5mC to its oxidation products and consequent CTCF eviction.
Methylated CD45 minigenes confirm effect of 5hmC on exon 5 splicing
The sum of our data implies that the developmental emergence of 5mC at CD45 DNA is preceded by a TET-facilitated, CTCF-bound state. However, co-detection of CTCF and 5hmC at CD45 DNA called for re-examination of the precise determinants promoting pol II pausing and associated inclusion of exon 5 in CD45 transcripts. To uncouple the specific contribution of CTCF from additional unknown TET-catalyzed 5oxiC effects, we turned to a CD45 minigene to validate the proposed associations in a heterologous and mutable setting. We previously produced a mammalian expression vector that encompasses~10 kilobases of human CD45 (hCD45) genomic DNA extending from intron 3 through intron 7 with either a wild-type or mutated CTCF-binding site (I3-I7 and I3-I7*CTCF, respectively) (Shukla et al, 2011) (Fig 4A) . Transfection of these minigenes into fibroblast cell lines, which do not express endogenous CD45, confirmed that CTCF is required for exon 5 inclusion (Shukla et al, 2011) : the I3-I7 minigene bound CTCF and was associated with pol II pausing and the I3-I7*CTCF minigene failed on both accounts and showed a dramatic decrease in exon 5 inclusion relative to the wild-type minigene.
To elucidate the independent contributions of CTCF and 5hmC on exon 5 inclusion through obstruction of pol II elongation, we layered methylation into the wild-type and mutant minigene analysis. We reasoned that stable incorporation of CpG-methylated minigene DNA into a chromosomal context would allow for propagation through DNMT1 activity and would further result in stochastic or integration site-dependent conversion to 5oxiC through endogenous TET function. Methylation of the I3-I7 minigenes was accomplished with the M.SssI CpG methyltransferase (Renbaum et al, 1990) and was confirmed through methyl-sensitive BsaHI restriction digest ( Fig 4A) . Methylated and control unmethylated I3-I7 minigenes were transfected into Chinese hamster ovary (CHO) cells and selected to generate stable clones. To correct for copy number variability between clones, data are presented as either a ratio or in reference to another location within the CD45 minigene. Combined 5mC and 5hmC MedIP confirmed that a substantial portion of the I3-I7 minigene DNA was targeted for oxidation upon introduction into CHO cells (Fig 4B) . On the whole, the wild-type clones showed slightly elevated 5hmC relative to the mutant clones, but this effect was not statistically significant (Appendix Fig S5) . Oxidation of 5mC at the minigene DNA is further supported by elevated exon 5 inclusion in I3-I7-relative to I3-I7*CTCF-derived CD45 transcripts, suggestive of CTCF interaction with the competent binding site (Fig 4C) .
Wild-type and mutated CHO hCD45 clones were selected for a detailed molecular analysis based on a high rate of conversion to 5hmC (Fig 4B, red and blue bars, respectively, referred to as WT-hmC and Mut-hmC henceforth), comparable minigene copy number and similar exon 4 mRNA expression (Fig 4D, Appendix Fig  S5) . Bisulfite sequencing validated that the minigene DNA retained methylation following integration and propagation in the CHO genome (Fig 4E) . Note that CpG content in the CTCF-binding site A Plasmids containing human CD45 (hCD45) genomic DNA from intron 3 through intron 7 with a wild-type (I3-I7) or mutated exon 5 CTCF-binding site (I3-I7*CTCF)
were methylated with M.SssI and confirmed through BsaHI digest. Methylated and unmethylated minigenes were transfected into CHO cells for stable clone generation. B 5hmC and 5mC MedIP were performed in stable clones derived from methylated I3-I7 and I3-I7*CTCF minigenes. Results from individual clones are plotted as a percent of total methylation (n = 32 clones) as determined through input normalized IP values for 5hmC or 5mC divided by the sum of the values for 5hmC and 5mC. Methylation in the I3-I7 and I3-I7*CTCF clones used for downstream analysis is indicated by the red and blue bars (WT-hmC and Mut-hmC clones), respectively. C qRT-PCR for relative exon 5 inclusion in methylated I3-I7 and I3-I7*CTCF minigene-derived mRNA. Results are shown for the average of all the I3-I7 and I3-I7*CTCF clones (n = 16 clones of each) as well as individually for the WT-hmC and Mut-hmC clones that were selected for downstream analysis. Values represent mean AE SEM for the pooled data or the mean AE SD for the individual clones. Two-tailed Student's t-test comparing the I3-I7 to I3-I7*CTCF values. D qPCR of minigene exon 5 relative to CHO GAPDH for comparison of hCD45 copy number in the WT-hmC and Mut-hmC clones. Values represent means AE SD from 3
replicates. Two-tailed Student's t-test comparing the WT-hmC and Mut-hmC values. E Bisulfite sequencing of hCD45 exon 5 DNA from the WT-hmC and Mut-hmC clones to confirm the persistence of methylation at the intact and mutated CTCF-binding site following stable insertion into the CHO genome. F CTCF-ChIP in the WT-hmC and Mut-hmC clones and qPCR for hCD45 exons, as indicated. ChIP values represent means AE SD from three independent IP experiments.
Two-tailed Student's t-test comparing WT-hmC and Mut-hmC values. G Pol II-ChIP in the WT-hmC and Mut-hmC clones, and a WT-C CHO clone generated with an unmethylated hCD45 minigene. qPCR for hCD45 DNA as indicated. ChIP values represent means AE SD from three independent IP experiments. *P = 0.013, **P = 0.0089, two-tailed Student's t-test comparing the Wt-hmC and Mut-hmC values. H Summary of the WT-hmC and Mut-hmC data illustrating elevated detection of CTCF and pol II at the wild-type minigene exon 5, relative to the mutated CTCFbinding site.
Source data are available online for this figure. The EMBO Journal TET1 and TET2 regulate pre-mRNA splicing via CTCF Ryan J Marina et al was not perturbed in the mutant minigene ( Fig 4E) . As in the overall population of clones, WT-hmC minigene-derived transcripts showed substantially increased exon 5 inclusion compared to the Mut-hmC clone, as determined through qRT-PCR with junctionspanning primers (Fig 4C) . Consistent with our demonstration that CTCF binding to exon 5 DNA is a major mechanism of exon 5 inclusion (Shukla et al, 2011) , CTCF-ChIP confirmed binding to exon 5 in the WT-hmC, but not in the Mut-hmC clone (Fig 4F) . In addition to validating co-detection of 5hmC and CTCF at the minigene DNA, comparison of these hydroxymethylated hCD45 clones differing only in the CTCF-binding site sequence illustrates that 5hmC does not directly mediate exon 5 inclusion, but rather acts through facilitating CTCF binding.
As we previously showed that CTCF promotes exon inclusion through kinetic regulation (Shukla et al, 2011) , to further deconvolute the contributions of 5oxiC and CTCF to exon 5 inclusion, we examined pol II occupancy at the minigene DNA. To this end, we performed pol II-ChIP in the WT-hmC and Mut-hmC clones, as well as an unmethylated wild-type hCD45 CHO clone generated from an unmethylated minigene (Appendix Fig S5, referred to as WT-C henceforth). Comparison of pol II profiles across the minigene DNA from these clones with distinct methylation status and CTCF binding capacity clearly demonstrates that CTCF and not 5hmC is the main determinant for pol II pausing at CD45 exon 5. Irrespective of methylation status, both clones with an intact CTCF-binding site showed impressive overlap in their pol II profiles proximal to the CTCF-binding site with increased occupancy at exon 5 DNA relative to the mutant clone ( Fig 4G, Appendix Fig S5) . Through these combined CHO hCD45 pol II data, we reason that 5hmC does not directly promote kinetic regulation of exon 5 inclusion, but instead facilitates CTCF-associated pol II pausing through the oxidation of overlapping methylcytosine residues (Fig 4H) .
To solidify the role of TET-dependent 5hmC in CD45 alternative splicing, we performed siRNA-mediated depletion of Tet1 and Tet2 in the WT-C and WT-hmC clones (Fig 5A and B) , with the expectation that only the hydroxymethylated DNA would be susceptible to effects directly related to minigene methylation. MedIP in the Tet1/2-depleted and control cells demonstrated both a high basal level of 5hmC in the WT-hmC clone relative to WT-C, but also a dramatic decrease in 5hmC at the minigene DNA following reduction of Tet1 and Tet2 relative to non-target siRNA (Fig 5C) . 5mC MedIP and bisulfite sequencing further indicated stable and persistent methylation following Tet1/2 depletion, suggesting that loss of 5hmC in the WT-hmC clone is associated with a reciprocal increase in 5mC (Appendix Fig S5) . Accordingly, decreased 5hmC in the Tet1/2-depleted WT-hmC clone was associated with a marked reduction in CTCF binding to the minigene DNA relative to control, as assessed by ChIP (Fig 5D) . Importantly, siRNA against Tet1/2 did not alter CTCF binding to the unmethylated WT-C minigene relative to nontarget, thereby demonstrating specificity to the presence of methylated template (Fig 5D) . We next examined the impact of altered Tet expression on minigene-derived mRNA. qRT-PCR indicated an overall increase in minigene transcription in the Tet1/2-depleted WT-C clone relative to siNT (Appendix Fig S5) . To circumvent transcriptional biases, we examined the change in per exon level expression in Tet1/2-depleted cells relative to siNT controls and observed a substantial decrease in exon 5, but not exons 4 and 6 inclusion in WT-hmC cells depleted of Tet1 and Tet2. In contrast, the WT-C clone showed a mild increase in exon 5 inclusion upon Tet1/2 depletion (Fig 5E) . Combined with the primary and cell line data, we conclude that a major mechanism of CD45 alternative splicing in developing lymphocytes involves a failure to target the TET proteins to exon 5 DNA, resulting in increased 5mC, loss of CTCF-dependent polymerase pausing and associated exclusion of exon 5 from CD45 mRNA.
CTCF interacts with carboxylated DNA at CD45 exon 5
The above establishes a functional relationship between 5hmC and CD45 exon 5 inclusion, but whether 5hmC directly interacts with CTCF or represents an intermediate to a CTCF-binding state was unclear. While the inhibitory effect of 5mC on CTCF binding has been demonstrated in a variety of settings (Bell & Felsenfeld, 2000; Nguyen et al, 2008; Phillips & Corces, 2009) , interaction with 5hmC, 5fC, and 5caC has not been formally tested. To clarify the relationship between CTCF and 5oxiC species, we pursued electrophoretic mobility shift assay (EMSA) with purified CTCF and human CD45 exon 5 DNA. FLAG-tagged CTCF was immunoprecipitated from HEK293T cells, and purity was confirmed through silver stain and CTCF Western blot (Fig 6A) . Preliminary EMSA with probes of increasing length centered around the CTCF-binding site identified 60 base pairs as the minimum sequence requirement for complex formation. Extending this sequence further resulted in increasingly robust interaction with CTCF (Appendix Fig S6) . Specificity of binding to probes of varying length was confirmed through mutation of the CTCF-binding site, which fully ablated complex formation (Fig 6B, Appendix Fig S6) . Consistent with reports detailing an inability of CTCF to discriminate between unmethylated and methylated sequences in certain contexts, particularly below a certain CpG threshold, CpG methylation of the minimal 60-mer CD45 probe DNA was insufficient to confer methyl sensitivity (Appendix Fig S6) (Feldmann et al, 2013; Teif et al, 2014; Batlle-Lopez et al, 2015) .
To specifically address the interaction between CTCF and variably methylated CD45 DNA, we established conditions that conform to the in vivo observations, wherein overlapping 5mC acted to evict CTCF. 72-base pair exon 5 probes were generated through PCR in the presence of modified deoxynucleotide triphosphatases (dNTPs) corresponding to 5mC, 5hmC, 5fC, or 5caC, increasing the level of methylation overlapping and flanking the CTCF-binding site to a total of 14 modified residues (Appendix Fig S6) . EMSA with the labeled 72-mers and purified CTCF resulted in abundant binding to the unmethylated sequence, but not to the 5mC-containing probe. However, to our surprise, CTCF showed minimum interaction with the 5hmC-and 5fC-containing probes, but instead formed a robust complex in the presence of 5caC-containing DNA (Fig 6C) . Specificity of interaction with 5caC-containing DNA was confirmed through supershift with antibody to CTCF (Fig 6D) . Additionally, the unmethylated and 5caC complexes were ablated in the presence of either unmethylated or 5caC-containing competitor (Fig 6D) . Competition was more effective in the presence of the 5caC competitor, implying a subtle distinction between the two complexes ( Fig 6E) . Binding to 5caC-containing DNA was not an artifact of contaminating protein co-purification: EMSA with recombinant CTCF from a commercial source showed the same efficient interaction with 5caC-containing DNA that was de facto stronger than interaction with unmethylated DNA (Appendix Fig S6) . Likewise, commercial synthesis of probes incorporating 5caC at the three CpGs directly overlapping the core CTCF-binding site strengthened the otherwise weak complex formed with the 41-base pair probe (Appendix Fig S6) . Furthermore, EMSA examination of a distinct CTCF-binding site present in the KCNA2B gene showed the same binding tendencies: CTCF failed to bind 5mC, 5hmC, and 5fC, but was enhanced in the presence of 5caC-containing relative to unmethylated DNA, suggesting generality in 5caC-binding preferences (Appendix Fig S6) .
These EMSA results imply that detection of 5hmC at CD45 A, B Unmethylated (WT-C) and hydroxymethylated (WT-hmC) I3-I7 clones were transfected with siRNA against Tet1 and Tet2 (siTet1/2) or non-target siRNA (siNT) (schematic in A). qRT-PCR (A) and Western blot (B) confirmed knockdown efficiency relative to CHO GAPDH and the p84 loading control, respectively. C 5hmC MedIP and qPCR for human CD45 exon 5 in siTet1/2 and siNT WT-C and WT-hmC clones, relative to a minigene region lacking CpGs. D CTCF-ChIP and qPCR for human CD45 exon 5 in siTet1/2 and siNT WT-C and WT-hmC CHO clones. Rabbit IgG ChIP served as a control. E qRT-PCR with human CD45 primers in siTet1/2 and siNT WT-C and WT-hmC CHO clones. Per each condition, exon level values are normalized to exon 6 and summarized data are presented relative to siNT to distinguish splicing changes from transcriptional variability. Percent CTCF Complex (EMSA) Figure 6 . Mammalian CTCF interacts with 5caC-containing CD45 DNA.
A Silver stain (left) and CTCF immunoblot (right) of 3xFLAG-CTCF purified from transfected HEK293T cells. B EMSA with purified CTCF and PCR-generated CD45 exon 5 probes with a wild-type or mutated CTCF-binding site. Cold competition was performed with unlabeled wild-type probe. C EMSA with purified CTCF and PCR-generated 72-bp probes symmetrically flanking the exon 5 CTCF-binding site. Substitution of modified dCTP allowed for variable CTCF-binding site methylation. Cold competition was performed with unmethylated wild-type probe. D EMSA with purified CTCF and PCR-generated 72-bp exon 5 probes generated in the presence of cytosine or 5caC. Cold competition was performed with unmethylated or 5caC-containing wild-type probe, as indicated. Supershift was accomplished with anti-CTCF antibody. E Quantification of EMSA from (D). The volume of free probe and CTCF complexed probe was determined with ImageQuant software (Molecular Diagnostics). Percent shift represents the complex volume divided by the sum of complex plus free probe. F MedIP with antibody specific to 5caC followed by qPCR with the indicated CD45 primers in naïve and activated CD4 + T cells. Values represent means AE SD from three independent IP experiments. Two-tailed Student's t-test comparing the indicated values.
Source data are available online for this figure.
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Ryan J Marina et al TET1 and TET2 regulate pre-mRNA splicing via CTCF The EMBO Journal 5fC, 5caC or cytosine within exon 5 (Appendix Fig S7) . While 5fC MedIP was not enriched above background (Appendix Fig S7) , MedIP with antibody to 5caC showed substantial accumulation at CD45 exon 5 in naïve CD4 + T cells (Fig 6F) . Furthermore, concomitant with the observed reductions in 5hmC and CTCF, T-cell activation resulted in decreased 5caC levels at CD45 DNA (Figs 3 and 6F) . Likewise, 5caC MedIP in the WT-hmC and Mut-hmC hCD45 CHO clones supports overlapping 5caC at the CTCF-binding site and further establishes that CTCF binding to 5caC is not non-specific, but rather depends on an intact binding site (Appendix Fig S7) . While these combined EMSA and MedIP results are not definitive of CTCF binding preferences in vivo, they strongly support a role for TET-catalyzed 5caC in CD45 alternative pre-mRNA splicing regulation through direct binding of CTCF.
Exons differentially spliced in peripheral T cells are enriched for proximal CTCF binding
The above data from the CD45 model system identifies TET-catalyzed oxidation of methylcytosine as a novel regulator of alternative pre-mRNA splicing that operates through antagonizing intragenic CTCF eviction. To examine the universality of these findings in a physiologically relevant cellular system, we generated genomewide data in naïve and activated CD4 + T cells, where we observed an overall decrease in nuclear TET levels upon stimulation (Figs 3F and 7A, Table EV1 ). As T-cell activation results in numerous changes in splicing that are directly attributed to RNA-binding protein activity (Cho et al, 2014; Kafasla et al, 2014) , we performed iterative filtering through combined RNA-, CTCF-ChIP-, and MedIPseq analysis to specifically query methyl-sensitive CTCF-associated splicing. Alternatively spliced exons were defined from RNA-seq data as exons that were differentially included during the naïve to activated transition independent of altered transcription (Table EV2) . To facilitate downstream analysis, we focused on internal skipped exons that showed a change in percent spliced in (DPSI) of ≥ 0.1 ("activation-included") or ≤ À0.1 ("activation-excluded") in response to T-cell activation (Fig 7B, collectively referred to as "DAS"). Constitutively spliced exons and annotated alternative exons that were not differentially included in response to stimulation ("AS, not D") served as unchanged controls (Fig 7B) . Alternatively spliced exons were examined for proximity to CTCF-ChIP-seq peaks in naïve and activated CD4 + T cells (Appendix Fig S8, Table EV3 ). Examination of CTCF binding at CD45 exon 5 showed the expected trend, with greater binding in naïve relative to activated cells (Appendix Fig S8) . As we previously showed that CTCF binding downstream of alternative exons influences splicing from a distance (Shukla et al, 2011) , we examined sites within 1.5 kb of the interrogated exon. On the whole, alternatively spliced (DAS) exons were enriched for overlapping or proximal CTCF as compared to unchanged alternative (AS, not D) and constitutive exons (Appendix Fig S8, Table EV4 ). Consistent with our demonstration that CTCF regulates inclusion of upstream exons through modulation of pol II elongation, enrichment persisted when considering just CTCF sites that are downstream of alternatively spliced exons (Fig 7C) . However, enrichment was most pronounced in the upstream CTCF category (Fig 7C) , where we previously failed to see a genomewide association with alternative splicing as determined through averaged DPSI after CTCF depletion (Shukla et al, 2011) . Additional sub-categorization of CTCF sites based on the directional change in proximal exon splicing did not reveal clear correlations between activation-induced splicing changes and CTCF location (Appendix Fig S8) . Together, these data illustrate that in the absence of information regarding differential CTCF binding, there is no apparent relationship between CTCF location and directional changes in splicing. By extension, they further suggest that T-cell activation does not produce a uniform effect on CTCF binding through unilateral changes in overlapping methylation.
Reciprocal methylation in exon-proximal CTCF-binding sites correlates with splicing regulation
To specifically address the impact of differential methylation on alternative splicing through CTCF modulation, iterative filtering was applied to the genomewide data to identify binding sites with evidence of activation-induced 5hmC/5mC exchange. Although the presented EMSA data suggest that CTCF interacts with 5caC-containing DNA at CD45 exon 5, 5caC cellular levels are low, such that previous mapping studies have relied on depletion of thymine-DNA glycosylase (TDG) to stabilize 5caC in genomic DNA Ito et al, 2011; Shen et al, 2013; Wang et al, 2015) . Importantly, these investigations found that locations of induced 5caC upon TDG knockdown strongly overlap 5hmC signals from control cells (Shen et al, 2013) . In addition, our reanalysis of TDG knockdown 5caC MedIP-seq detected increased signal within CTCF-ChIPseq peaks (Shen et al, 2013; Yue et al, 2014 ) (Appendix Fig S8) , consistent with the notion that CTCF sites are general locations of dynamic TET activity. Given indications that 5hmC is an accurate metric for TET activity, 5hmC MedIP-seq was performed to identify CTCF-binding sites with evidence of TET-catalyzed 5mC oxidation in CD4 + T cells.
CTCF-binding sites located within 1.5 kb of the defined exonic categories were assessed for overlapping 5hmC. As compared to random genomic bins of equal breadth, 5hmC was generally elevated at CTCF-binding sites, with enrichment most pronounced at exonproximal CTCF sites (Appendix Fig S8) . CTCF-binding sites with no evidence of 5hmC in either naïve or activated CD4 + T cells were omitted from subsequent analysis. The remaining 5hmC(+) sites were examined for activation-induced changes in 5hmC and the net association with 5mC MedIP-seq (Fig 7D) . Analysis of overlapping 5mC at CTCF-binding sites with activation-increased 5hmC showed no association with 5mC loss or gain in all exon-proximal categories (Fig 7E) . In contrast, CTCF-binding sites with activation-decreased 5hmC proximal to DAS exons were significantly more likely to gain reciprocal 5mC relative to sites proximal to unchanged exons (Fig 7E,  Table EV5 ). Conversely, DAS proximal CTCF sites with reduced 5hmC were less likely to be associated with decreased or unchanged 5mC (Fig 7E, Appendix Fig S8) . Enrichment of 5hmC-decreased/ 5mC-increased CTCF-binding sites proximal to alternatively spliced exons suggests that methyl-dependent eviction of CTCF is a general mechanism of splicing regulation in peripheral CD4 + T cells.
To examine the relationship between differential CTCF-binding site methylation and alternative pre-mRNA splicing in greater detail, DAS proximal CTCF-binding sites with reciprocal 5hmC/5mC were further subcategorized as either upstream or downstream of the queried exon (Fig 7F) . Sites with decreased 5hmC and increased 5mC were considered as potential sites of CTCF eviction (blue), whereas sites with increased 5hmC and decreased 5mC were considered as locations of CTCF gain (orange). While the number of events remaining after high-stringency filtering was small (34.7% of DAS with proximal CTCF and 3.9% of all DAS exons), separation into these distinct categories allowed for the emergence of clear tendencies. Alternative exons with downstream CTCF showed strong concordance with the previously established model: 100% of activation-excluded exons were associated with decreased 5hmC and increased 5mC, consistent with loss of kinetic regulation through CTCF eviction (Fig 7F, Table EV6 ). Likewise, 100% of + T cells were examined for activation-induced changes in 5hmC as determined by MedIP-seq. Results for exon-proximal CTCF sites are shown, as are all intragenic CTCF sites and random intragenic bins. Input-adjusted changes in methylation ≥ 10% are indicated. E Exon-proximal CTCF-binding sites with activation-induced differential 5hmC were assessed for reciprocal changes in 5mC. The percent of sites with differential 5hmC and 5mC was sorted according to the directional change in methylation. The significance of differences between sites adjacent to different exon classes is indicated (one-sided Fisher's exact test). F DAS proximal CTCF-binding sites with reciprocal 5hmC/5mC were examined for the impact on alternative splicing. Sites with relatively increased 5hmC
and decreased 5mC (shown in orange) were considered as potential sites of CTCF gain, whereas sites with decreased 5hmC and increased 5mC (shown in blue) were considered as sites of CTCF loss. Exons were sub-categorized based on CTCF location (upstream or downstream) and assessed for directional changes in splicing as either activation-included (stippled boxes) or activation-excluded (solid boxes). Pie charts show the relationship between affected exon splicing categories and reciprocal methylation at upstream or downstream CTCF-binding sites as percent of exons (bottom left). Median +/À standard error of DPSI values for exons with up-or downstream CTCF and increased or decreased relative 5hmC are plotted (right), mean values are given above.
Ryan J Marina et al TET1 and TET2 regulate pre-mRNA splicing via CTCF The EMBO Journal downstream CTCF-binding sites with activation-increased 5hmC and activation-decreased 5mC (conducive to CTCF binding) were associated with inclusion of the upstream DAS exon (Fig 7F) . In contrast, upstream CTCF-binding sites showed no association between directional changes in 5hmC and impact on downstream alternative splicing: locations with increased relative 5hmC or increased relative 5mC were both slightly skewed to downstream exon inclusion (Fig 7F) . These tendencies were echoed in the overall DPSIs per category, wherein alternative exons with downstream CTCF showed clear partitioning between CTCF sites with relative decreased 5hmC (negative mean and median DPSI) versus those with relative increased 5hmC (positive mean and median DPSI) (Fig 7F) . In contrast, differential methylation at upstream CTCF sites did not associate with downstream splicing: the overall impact on DPSI was level in both methylation categories with a mean DPSI of zero (Fig 7F) . qPCR validation of the genomewide predictions showed strong agreement in independently processed MedIP, CTCFChIP, and RNA samples from patient donors, and further confirmed decreased 5caC concomitant with decreased 5hmC (Appendix Fig  S9) . In sum, through high-stringency iterative filtering in naïve and activated CD4 + T-cell sequencing data, we provide evidence that oxidation of methylcytosine at CTCF-binding sites globally regulates upstream exon inclusion. In addition, enrichment of CTCF binding upstream of alternative exons suggests an expansion of our model wherein CTCF regulates upstream exons in a unidirectional fashion, but downstream exons bidirectionally through a currently unknown mechanism.
Discussion
Recent reports identifying enhanced differential methylation within the intragenic landscape has led to increased focus on a potential role for gene-body DNA methylation in the regulation of gene expression. Unlike promoters, intragenic methylation positively correlates with expression and this relationship extends to the exon level: DNA methylation at expressed exons is elevated relative to introns, pseudoexons, and excluded alternative exons (Lister et al, 2009; Choi, 2010; Feng et al, 2010; Lyko et al, 2010; Zemach et al, 2010; Khare et al, 2012; Gelfman et al, 2013; Maunakea et al, 2013; Tsagaratou et al, 2014) . Exonic enrichment has been demonstrated for both 5mC and 5hmC, but the functional significance of 5mC oxidation has remained unclear (Ficz et al, 2011; Pastor et al, 2011; Khare et al, 2012) . Here, we report TET-catalyzed dynamic DNA methylation as a key regulator of CTCF-dependent alternative premRNA splicing. Focusing on CD45 alternative splicing, we show that TET1 and TET2 promote inclusion of a CTCF-dependent exon through oxidation of methylcytosine at the corresponding DNA. Conversely, a reduction in TET levels increases 5mC and exon exclusion through CTCF eviction. We further show that 5oxiC does not directly impact pol II pausing and exon inclusion, but rather enables CTCF binding by antagonizing overlapping 5mC. Biochemical analysis of CTCF association with methylated DNA revealed a surprising preference for 5caC-containing DNA (Fig 6) . While not definitive of CTCF binding preferences in vivo, these results reveal an unanticipated layer of complexity in CTCF/DNA interaction. The association between CTCF and 5caC-containing DNA is unlikely to be restricted to the tested sequences: an unbiased survey for proteins that show preferential interaction with distinct cytosine species in CpG modified oligonucleotides identified CTCF as a 5caC-specific reader (Spruijt et al, 2013) . In addition, CTCF binding in the presence of 5caC is not likely to be an artifact of linear DNA templates: CTCF is known to occupy nucleosome-free DNA in vivo (Ong & Corces, 2014) , and 5caC was detected at CTCFbinding sites in primary T cells (Fig 6F, Appendix Fig S9) . This latter demonstration is particularly relevant given that 5caC is extremely rare/transient in genomic DNA Ito et al, 2011) , implicating efficient CTCF/5caC interaction as a potential protective mechanism against demethylation through TDGassociated base excision repair. From the perspective of pre-mRNA splicing, genomewide mapping in TDG-depleted ES cells revealed increased 5caC at exonic sequences of actively transcribed genes, thus highlighting intragenic DNA as an enriched location for dynamic DNA methylation catalyzed by the TET proteins (Shen et al, 2013; Wang et al, 2015) . Of particular relevance to our study, a recent report linked elevated intragenic 5caC following TDG depletion to reduced RNA polymerase II elongation (Wang et al, 2015) . Our reanalysis of these 5caC data and available CTCF-ChIP-seq from the same ES cell populations found elevated 5caC central to these CTCF-binding sites (Appendix Fig S8) . In addition to establishing TET-catalyzed oxidation as a general feature of CTCF-binding sites, given the known impact of CTCF on pol II (Wada et al, 2009; Shukla et al, 2011) , this analysis raises the possibility that part of the reduced elongation may be due to enhanced CTCF binding as 5caC levels increase.
Of note, while the presented EMSA data indicate that CTCF prefers 5caC-containing DNA, they further demonstrate that CTCF is able to interact with 5mC and 5hmC CpG methylation (Fig 6C,  Appendix Fig S6) . Likewise, several studies have revealed CTCF binding to methylated DNA in vivo (5mC or 5hmC), particularly at intragenic locations with low CpG content (Stadler et al, 2011; Feldmann et al, 2013; Teif et al, 2014) . These observations call into question whether co-detection of CTCF and 5hmC at CD45 DNA and in the genomewide analysis represents a legitimate binding state, or a transition intermediate to 5caC-binding DNA. Alternatively, perhaps CTCF is capable of interacting with low methylated regions in intragenic environments but generates a more favorable binding context through recruitment of the TET proteins. The demonstrations that CTCF interacts with and recruits the TET proteins to genomic DNA and global studies detailing co-localization of CTCF and 5hmC bolster this premise (Feldmann et al, 2013; Sun et al, 2013; Dubois-Chevalier et al, 2014; Teif et al, 2014) . Notably, CD45 minigenes with a competent CTCF-binding site showed a mild enrichment for 5hmC relative to mutated minigenes, albeit not significant (Appendix Fig S5) . While the mechanistic basis for preferential CTCF interaction with oxidated 5mC derivatives is not yet clear, possibilities include alterations in DNA structure that expose the CTCF-binding site, increased electrophysical interaction due to the enhanced negative charge of 5caC, and/or intrinsic disfavoring of nucleosome assembly at 5caC-rich DNA. Cumulatively, these observations suggest that CTCF could both respond to and shape the intragenic epigenome to effect regulated changes in pre-mRNA processing.
Our demonstrations at CD45 DNA in peripheral CD4 + lymphocytes further served as the basis for genomewide analysis of TET-catalyzed 5mC oxidation on pre-mRNA alternative splicing.
Building on the observation that unmethylated and 5oxiC-containing CD45 DNA were both able to bind CTCF and promote exon inclusion, but only the 5oxiC substrate was associated with alternative splicing through variations in TET activity, we examined whether differential 5oxiC plays a generalized role in alternative splicing through modulation of CTCF. Given the relative abundance of 5hmC in the genome and evidence that 5hmC is readily detected at established sites of further oxidation (Shen et al, 2013) , we utilized 5hmC MedIP as an accurate metric for locations of active TET-catalyzed 5mC oxidation. As CD4 + T-cell stimulation activates a number of splicing regulatory pathways (Cho et al, 2014; Kafasla et al, 2014; Martinez et al, 2015) , we invoked high-stringency iterative filtering to distinguish direct effects related to methylation at CTCF sites from indirect effects. The resulting locations with downstream CTCF showed strong adherence to the established model for CTCF function: increased relative 5hmC was associated with upstream exon inclusion, whereas increased relative 5mC was associated with exclusion, consistent with CTCF binding and eviction, respectively. Surprisingly, however, CTCF binding was most enriched upstream of alternative exons and was not associated with any clear effects on downstream alternative splicing. Notably, several recent studies have uncovered location-dependent associations between chromatin-interacting factors and alternative splicing. In addition to CTCF, the HP1 proteins and Ago1 have both been implicated in direct regulation of alternative splicing through intragenic binding (Allo et al, 2014; Agirre et al, 2015; Yearim et al, 2015) . In the case of the HP1 proteins, upstream or overlapping binding mediated distinct effects on alternative splicing that were further dependent on overlapping methylation (Yearim et al, 2015) . The proposed model for chromatin-directed modulation of downstream splicing involves kinetic regulation of trans-factor binding at the upstream introns (repressors in the cited examples) through transient obstruction of pol II elongation Yearim et al, 2015) . Taken together, we envision that CTCF upstream of exons can promote or inhibit downstream exon inclusion through kinetically favoring binding of positive or negative acting trans-factors, respectively. In summary, we reveal dynamic DNA methylation catalyzed by the TET proteins as a novel modulator in the complex pre-mRNA splicing code. Our description of an epigenetic splicing switch based on the relative ratio of 5mC to its oxidation derivatives begins to reveal a function for widespread intragenic DNA methylation in the variable assembly of DNA-binding regulators of splicing. While our study focuses on CTCF, we anticipate that intragenic DNA methylation will be revealed to influence a diverse network of DNA-binding proteins that promote or inhibit splicing. Combined with recent descriptions of methyl-binding and methyl-inhibited proteins that are specific for 5mC, 5hmC, 5fC, or 5caC (Spruijt et al, 2013) and our observation that focused changes in intragenic DNA methylation do not affect overall transcription, DNA methylation is uniquely positioned to contribute to the combinatorial logic of regulated alternative pre-mRNA splicing through sequence-dependent shifts in methyl-sensitive transcription factor binding. We thus propose that the precise mechanisms that regulate gene expression through dynamic methylation at promoters operate within gene bodies to regulate pre-mRNA processing through variable binding of a putative repertoire of methyl-sensitive DNA-binding proteins, as we show for CTCF.
Materials and Methods
Cell culture BJAB and BL41 cells were maintained in RPMI supplemented with 10% FBS and 1% L-glutamine. CHO cells were cultured in F12 supplemented with 10% FBS and 1% L-glutamine. Neomycin was added to a final concentration of 1 mg/ml for selection of stable clones. HEK293T cells were grown in DMEM supplemented with 10% FBS and 1% L-glutamine. All cell lines tested mycoplasma negative (12/2011). Naïve peripheral CD4 + T cells were purified from human blood through Ficoll Paque and magnetic bead negative depletion according to the manufacturer's directions (Miltenyi Biotech, . Naive CD4 + T cells were cultured in RPMI supplemented with 10% FBS, 55 mM b-mercaptoethanol, and 30 units/ml human interleukin-2 (IL-2). Cells were either left to rest in IL-2-containing media (naïve) or activated with antibodies directed against CD3 and CD28 receptors for 2-3 days. Activation was confirmed by cell-surface staining with the CD45RO antibody, and naïve and activated T cells were harvested in parallel for downstream applications.
Lentiviral transduction
pLKO.1 lentiviral constructs encoding shRNA against human TET1, TET2, and TET3 as well as shGFP and shRFP as controls were purchased from Open Biosystems. Lentivirus production and cell transduction were achieved as previously described (Shukla et al, 2011) . Briefly, lentivirus was produced in 293T cells through co-transfection with VSV-G and gag/pol plasmids with Lipofectamine 2000 (Invitrogen). Lymphocytes were transduced with concentrated virus through spin infection in the presence of 8 lg/ml protamine sulfate and were collected on day 6 or later.
Stable clone generation
Generation of pC1-Neo encoding CD45 minigenes with wild-type and mutated CTCF-binding sites was previously described (Shukla et al, 2011) . Methylation of CD45 minigenes was performed in vitro with M.SssI CpG methyltransferase (New England Biolabs) according to the manufacturer's suggestions. Uniform plasmid methylation was confirmed with the methyl-sensitive restriction enzyme, BsaHI (NEB). Methylated and unmethylated plasmids were linearized with AhdI (NEB) and transfected into Chinese hamster ovary cells with Lipofectamine 2000 (Invitrogen). Individual clones were selected with neomycin-containing media (1 mg/ml) and amplified for further analysis.
siRNA CHO-K1-selected clones containing methylated or unmethylated I3-I7 minigenes were subjected to two rounds of Tet1/Tet2 smartpool On-Target Plus siRNA (Dharmacon, Thermo Scientific) (10 nM) using Dharmafect 1 reagent (Dharmacon Fisher). Transfections were separated by 48 h. Cells were then harvested at 72 h after the first round of treatment for RNA, DNA, ChIP, and protein samples.
Antibodies
The following antibodies were used for flow cytometry: CD45RO 
RT-PCR
RNA was isolated with the Qiagen RNeasy Mini Kit, and reverse transcription was performed with SuperScript III (Invitrogen) according to the manufacturer's instructions. Quantitative RT-PCR was performed in the presence of SYBR green reagent (Roche), and amplification was performed on the Roche 480 or 96 Light Cycler. Cycle thresholds were normalized to GAPDH, RPS16, and YES, or surrounding exon levels as indicated. Radioactive PCR was performed in a 25-ll reaction containing 0.5 lCi dCTP a-32 P (PerkinElmer) for 21-24 cycles. PCR products were separated on a native 6% polyacrylamide gel at 1× TBE. The gel was directly exposed to a phosphor screen and analyzed with a PhosphorImager Storm860 and ImageQuant software (v5.2, Molecular Dynamics).
Bisulfite sequencing
Genomic DNA isolation was performed with the Zymo research Quick gDNA Midiprep kit (D3100), according to the manufacturer's instructions. Sodium bisulfate conversion of denatured genomic DNA was achieved with the EpiTect Bisulfite Kit (Qiagen), according to the manufacturer's instructions. Eluted DNA was amplified using methylation-specific primers as indicated in Table EV7 . For bisulfite pyrosequencing, purified de-cross-linked DNA isolated from BL-E5(+) cell CTCF-ChIP and input was converted with the EpiTect Kit (Qiagen) and sequenced at the NCI Advanced Technology Research Facility (ATRF).
Primers
See Table EV7 for primer and oligo sequences.
Southern blotting
Ten micrograms of genomic DNA was digested with BsaHI and BglI in the presence of 4 mM spermidine overnight. Digested DNA samples were resolved through 0.8% agarose gel electrophoresis and sequentially treated with 0.25% HCl, alkali solution, and neutralization solution. DNA transfer to nylon membrane was performed overnight with a Whatman TurboBlotter transfer system (G&E). The membrane was UV cross-linked and then prehybridized for 2 h followed by overnight hybridization with dCTP a-32 P-labeled probe (Prime-It II Random Primer Labeling Kit, Stratagene). The membrane was exposed to a phosphor screen for 4 h.
Chromatin immunoprecipitation (ChIP)
ChIP in primary and lymphocyte cell lines was performed as previously described (Shukla et al, 2011) . When working with CHO cells transfected with the CD45 minigene, CTCF-ChIP and RNA polymerase II-ChIP were performed with the following optimized protocol. Three million cells were cross-linked for 10 min in 1% formaldehyde at room temperature (RT), and quenched by adding glycine to a final concentration of 0.125 M for 5 min at RT. Cells were washed in PBS and resuspended in buffer containing 50 mM HEPES-KOH (pH 7.5), 140 mM NaCl, 1 mM EDTA, 1.0% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, and protease inhibitors (Thermo Scientific). Sonication of DNA was performed in an ultra sonicator water bath (Bioruptor) using 15 cycles of 30 s "on" and 30 s "off". Samples were centrifuged at 10,000 g for 8 min at 4°C. Three micrograms of chromatin was immunoprecipitated by adding the anti-CTCF, anti-RNA polymerase II, or normal rabbit IgG followed by overnight incubation at 4°C. Thirty microliters of Magna ChIP TM Protein A Magnetic Beads (Millipore) were added and incubated for 1 h at 4°C. Beads were washed sequentially in low salt (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), high salt (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), LiCl buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 0.25 M LiCl, 1% NP-40, 1% Nadeoxycholate), and TE buffer. Beads were eluted in 110 ll elution buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS, 50 mM NaHCO 3 ) and treated with 1 ll RNase A (1 mg/ml Ambion) at 37°C for 30 min. Cross-linking was reversed and proteins were degraded by the addition of 1 ll proteinase K (20 mg/ml Ambion) and incubation at 65°C for 4 h. Eluted DNA was purified with Qiaquick PCR purification (Qiagen), according to the manufacturer instructions. Immunoprecipitated DNA and 5% input DNA were analyzed by SYBR-Green qPCR. Relative detection was calculated according to the formula 2
Methylated DNA immunoprecipitation (MedIP)
MedIP in primary and lymphocyte cell lines was performed as previously described (Shukla et al, 2011) . When working with CHO cells transfected with the CD45 minigene, MedIPs were performed with the following optimized protocol. Genomic DNA was fragmented through restriction enzyme digestion with Bsu36I and PpuMI (NEB). IP buffer was added to 1 lg of digested DNA to a final volume of 100 ll. DNA was denatured for 10 min at 95°C and immediately transferred to an ice bath for 10 min. To each IP reaction, 2 lg of antibody targeted against 5-methylcytosine (Epigentek, A-1014) or 5-hydroxymethylcytosine (Epigentek, A-1018) was added and incubated overnight at 4°C with shaking. One percent of total DNA was kept for input. Following incubation, 25 ll of Magna ChIP Protein A Magnetic Beads (Millipore) were added and further incubated for 1.5 h at 4°C. Beads were washed three times with 500 ll IP buffer and eluted in elution buffer supplemented with proteinase K and incubated for 3 h at 55°C with rigorous shaking. Supernatants were purified with the Qiaquick PCR purification kit (Qiagen). Quantitative analysis of methylated regions was assessed through qPCR with SYBR-Green (Roche). Relative detection was calculated according to the formula 2 ðC input t ÀC IP t Þ . For relative minigene methylation (Fig 4B) , percent methylation was determined through 2
Preparation of nuclear extracts
To generate nuclear extracts, naïve and activated CD4 + T cells were pelleted, washed once in cold PBS, resuspended in 100 ll hypotonic lysis buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA) supplemented with 2 mM Na 3 VO 4 and 1× Halt protease inhibitor cocktail (Thermo Scientific), and placed on ice for 10 min. NP-40 was then added to a final concentration of 0.4% and vortexed vigorously for 15 s. Samples were centrifuged for 6 min at 3,300 g at 4°C, and pellets were resuspended in 60 ll nuclear lysis buffer (20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 10% glycerol) supplemented with 2 mM Na 3 VO 4 and 1× Halt protease inhibitor cocktail. Lysates were passed through a 23-gauge needle 4 times and left on ice for 15 min. After vortexing for 15 s, samples were centrifuged at maximum speed (20,000 g) for 5 min at 4°C and supernatants containing nuclear proteins were transferred to fresh tubes. Protein concentrations were determined with the Pierce BCA Protein Assay (Thermo Scientific). About 7.5-15 lg of nuclear lysates was resolved with a 3-8% NuPage Tris-Acetate gel (Invitrogen) and transferred to PVDF.
CTCF purification
HEK293T cells were transfected with plasmid encoding 3xFLAG-tagged CTCF. Forty-eight hours after transfection, cells were washed twice with ice-cold 1× PBS and lysed (50 mM Tris-HCl pH 7.4, 300 mM NaCl, 1 mM EDTA, 1% Triton X-100, 4 lM ZnCl 2 , 2 mM Na 3 VO 4 , 1× Halt protease inhibitor cocktail [Thermo Scientific]) for 20 min with rotation at 4°C. Lysates were subjected to 20 cycles of sonication for 30 s at 4°C in a bioruptor (Diagenode) and centrifuged at 15,000 rpm for 15 min at 4°C. Anti-FLAG-M2-coated agarose beads (Sigma) were added to the supernatants containing soluble proteins and incubated with mixing at 4°C for 3 h. Beads were washed 3× with 10 bead volumes of ice-cold wash buffer (50 mM Tris-HCl pH 7.4, 300 mM NaCl, 1 mM EDTA, 4 lM ZnCl 2 ) supplemented with 1× Halt protease inhibitor cocktail. 3xFLAG-CTCF was eluted through 20-min incubation with two bead volumes of elution buffer (125 mM Tris-HCl pH 7.4, 250 mM NaCl) supplemented with 100 lg/ml of 3X-FLAG peptide (Sigma). Beads were removed by centrifugation at 15,000 rpm for 2 min at 4°C, and supernatant containing purified CTCF was flash-frozen in storage buffer (100 mM Tris-HCl pH 7.4, 200 mM NaCl, 4 mM DTT, 10% glycerol).
Electrophoretic mobility shift assay (EMSA)
Double-stranded EMSA probes corresponding to CD45 exon 5 DNA were generated through PCR using modified dCTP (TriLink) or commercially synthesized (unmethylated or CpG methylated) (GeneLink). See Table EV7 for probe sequence information. To prepare the commercial probes for EMSA, complementary ssDNA probes were resuspended in annealing buffer (10 mM Tris-HCl pH 8, 50 mM NaCl, 1 mM EDTA), denatured for 10 min at 99°C followed by a linear cool down to 25°C at 1°C/min. All probes were radiolabeled using T4 polynucleotide kinase (NEB) for 15 min at 37°C in the presence of 100 lCi of dATP c-32 P (3,000 Ci/mmol, PerkinElmer). Free dATP c-32 P was removed by a G50 (GE) column. For the commercial probes, a RecJ (NEB) digestion step was added to remove remaining traces of ssDNA. Prepared probes were quantified through a scintillation counter (Beckman) and confirmed through native gel electrophoresis. For EMSA, radiolabeled probes were incubated on ice for 30 min with 0.05 to 0.5 lg CTCF (3xFLAG-CTCF from 293T, or recombinant GST-CTCF, Abnova, as indicated) in binding buffer (10 mM Tris-HCl pH 7.5, 100 mM KCl, 0.1% NP-40, 0.1 mM ZnSO 4 2À , 2 mM DTT, 0.1 mg/ml BSA, 1 lg/ml polydIdC) in the presence or absence of 10-fold excess of cold competitor or 1 lg of anti-CTCF antibody (Cell signaling). Samples were then resolved through a 6% polyacrylamide gel. Following electrophoresis, the gel was exposed to a phosphor screen and analyzed with PhosphorImager Storm860 and ImageQuant software (v5.2, Molecular Dynamics).
RNA-Seq
Library construction and sequencing Total RNA isolated with the Qiagen RNeasy kit was used for library construction with the Illumina TruSeq RNA Protocol RS-930-2001 protocol (Illumina, San Diego, CA), generating a poly-A+ sequencing library via poly-T oligo-attached magnetic beads. Libraries were sequenced on one lane (two indexed barcodes) of a HiSeq2000 instrument with TruSeq v3.0 chemistry (Illumina, San Diego, CA) for 101 cycles in paired-end mode.
Alignments and feature quantification
Reads were mapped to the human reference genome assembly (hg19) using TopHat v.2.0.11 (Trapnell et al, 2010) with Bowtie2 v.2.2.1 . Parameters used were unique mapping only (-g 1) and supplying the UCSC genome annotation for hg19 from iGenomes (Illumina, San Diego, CA). A summary of experiments and read depth is provided in Table EV1 . Differential splicing was calculated using MISO (Katz et al, 2010) . Splicing event annotation was retrieved from the MISO website (Human genome (hg19) alternative events v2.0, http://genes.mit.edu/burgelab/miso/annotations/ver2/miso_anno-tations_hg19_v2.zip). A conservative cutoff of Bayes factor ≥ 10 and DPSI absolute value ≥ 0.10 was used to classify alternative exons as differentially spliced. For convenience, short identifiers for each unique skipped exon event were generated in the form ("MISO:SE: xxx"). Alternative exons and their respective flanking exons were partitioned into separate coordinate files using an in-house perl script. Complete MISO results for skipped exons are provided in Table EV2 . Any given exon may be a part of > 1 annotated splicing event. To arrive at a single splicing measurement for each unique exon, we generated a collapsed or "flattened" version of the splicing results (Table EV2 ). For each unique exon, we selected all splicing events where the exon is defined as alternative. From these events, we
MedIP data analysis In addition to peak calling using MACS2, MedIP data were processed by alternative specialized methods to identify differential methylation and hydroxymethylation. We generated sequencing depth and input normalized genome coverage tracks in log2 scale for each MedIP experiment in bigwig format with deepTools (Ramirez et al, 2014) . We next extracted the mean enrichment value within CTCF-binding sites and classified differential methylation within features as mean enrichment values > 10% different (in log2 scale, a difference between ratios of > 0.1375). Additionally, we used MEDIPS (Lienhard et al, 2014) to identify sites with zero methylation. Sites with an RPKM = 0 were classified as unmethylated and excluded from directional analysis. Results for 5hmC and 5mC MedIP analysis are in Table EV5 .
Processed data from 5caC MedIP-Seq experiments were downloaded from GEO in wiggle format (GSE46111) (Shen et al, 2013) . Results in the shTDG sample are presented in Appendix Fig S7. CTCF-binding sites defined in the same tissue (Mouse ES-E14 cells) were obtained from ENCODE (Accession ENCSR362VNF) . Binned MedIP-Seq signal within CTCF sites was calculated with deepTools (Ramirez et al, 2014) .
Correlation analysis of ChIP results and splicing
Proximity analysis between exons and CTCF sites was performed using the Bedtools windowBed function (Quinlan & Hall, 2010) . We considered CTCF sites and exons proximal when they overlapped or were within 1.5 kb. Our methylation analysis focused on unique CBS, so that sites were not counted more than once. We noted that CBS and their proximal cassette exons were more frequently one-toone than constitutive exons. In other words, for constitutive exonproximal sites, the number of unique CBS (804) is much lower than the number of exons proximal to them (1,574) because of one-tomany relationships within a subset of exon-dense constitutively spliced genes. All analyses used empirically determined CTCF-binding sites from our ChIP-Seq experiments.
Data deposition
All the high-throughput sequencing datasets used in this study were publicly available in the Gene Expression Omnibus (GEO) under accession number GSE74850.
Expanded View for this article is available online.
